Lithium-air batteries are considered to be a potential alternative to lithium-ion batteries for transportation applications, owing to their high theoretical specific energy 1 . So far, however, such systems have been largely restricted to pure oxygen environments (lithiumoxygen batteries) and have a limited cycle life owing to side reactions involving the cathode, anode and electrolyte [2] [3] [4] [5] . In the presence of nitrogen, carbon dioxide and water vapour, these side reactions can become even more complex [6] [7] [8] [9] [10] [11] . Moreover, because of the need to store oxygen, the volumetric energy densities of lithium-oxygen systems may be too small for practical applications 12 . Here we report a system comprising a lithium carbonate-based protected anode, a molybdenum disulfide cathode 2 and an ionic liquid/ dimethyl sulfoxide electrolyte that operates as a lithium-air battery in a simulated air atmosphere with a long cycle life of up to 700 cycles. We perform computational studies to provide insight into the operation of the system in this environment. This demonstration of a lithium-oxygen battery with a long cycle life in an air-like atmosphere is an important step towards the development of this field beyond lithium-ion technology, with a possibility to obtain much higher specific energy densities than for conventional lithiumion batteries.
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We used two strategies to limit side reactions in a lithium-oxygen battery in a simulated air atmosphere with representative amounts of O 2 , N 2 , CO 2 and H 2 O. First, we developed a Li 2 CO 3 /C coating for the lithium anode that allows only lithium cations to pass through, thus protecting the anode from the components of the simulated air. Li 2 CO 3 was not expected to react with water to produce the bicarbonate, because the reaction is not thermodynamically favourable under ambient conditions (Supplementary Information section 1). Second, we constructed a cathode based on previously reported molybdenum disulfide nanoflakes 2 , and a mixture of the ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF 4 ) and dimethyl sulfoxide (DMSO) was used as the electrolyte. The components of this system operate in conjunction to prevent the formation of side products in the presence of CO 2 and H 2 O.
The Li 2 CO 3 /C anode-protection coating was directly synthesized on a Li anode in a custom-made electrochemical lithium-carbon dioxide cell filled with pure CO 2 ; ten continuous discharge-charge cycles were operated to form the protective coating (Supplementary Information section 1). Scanning electron microscopy (SEM) images of the coated anode ( Fig. 1a and Supplementary Fig. 2a-c) reveal a dense network of rod-shape structures on the surface. Raman spectra show distinct peaks at 717, 743, 1088 and 1,456 cm −1 for this coating (Fig. 1b) , which are characteristic peaks of Li 2 CO 3 (ref. 13) (Supplementary Information  section 3 ). Moreover, X-ray photoelectron spectroscopy (XPS; Fig. 1c, d and Supplementary Fig. 4a-c) for Li 1s, C 1s and O 1s reveals peaks at 55.2, 289.3 and 531.5 eV, respectively, further confirming the presence of Li 2 CO 3 (ref. 14) . A peak at 284.8 eV corresponds to bonds between carbon atoms, and is attributed to adventitious carbon compounds as well as solid carbon from the reaction of Li and CO 2 (Supplementary Information section 1). The synthesized Li 2 CO 3 /C coating was further characterized by electron energy loss spectroscopy (EELS). The K-edge peaks of lithium, oxygen and carbon, obtained from EELS of platelet-like particles extracted from the anode, are presented in Fig. 1e . The sharp peaks corresponding to these elements are similar to those observed for Li 2 CO 3 in the solid-electrolyte interphases of lithium-ion batteries 15 (Supplementary Information section 5). The lithium retention of the protected anode was investigated by running a cell in an air environment for 51 cycles, followed by an exhaustive stripping test, with the results shown in Fig. 1f . This indicated that the protected anode has an average lithium retention of 99.97% per cycle (Supplementary Information section 6). Moreover, electrochemical impedance spectroscopy was used to study the charge-transfer resistance (R ct ) of the protective layer (Supplementary Information section 7). The results shown in Fig. 1g indicate that the R ct of the protected anode (formed from ten deposition cycles) is around 550 kΩ, which is about 20 times greater than that of an unprotected anode (30 kΩ), confirming the existence of an electrically insulating protective coating on the surface of the anode.
A custom-made cell with a MoS 2 cathode, a protected lithium anode and an EMIM-BF 4 /DMSO (25%/75%) electrolyte was used in the lithium-air experiments (Supplementary Information sections [8] [9] [10] . This electrolyte composition provides the maximum oxygen reduction and evolution in a three-electrode electrochemical cell (Supplementary Information section 10). A custom-made simulated air stream of around 79% N 2 , around 21% O 2 , 500 p.p.m. CO 2 , and a relative humidity of 45% at 25 °C was used for the battery experiments (Supplementary Information section 11 ). Figure 2a shows the longterm discharging and charging profiles up to a capacity of 500 mAh g . The charge at the first cycle began at 2.92 V, which is very close to the reversible thermodynamic potential of Li 2 O 2 formation (2.96 V versus Li/Li + ) 16 and reached a potential of 3.75 V at a capacity of 500 mA g . The potential gap for the first cycle of the lithium-air system is 0.88 V, increasing to 1.3 V after 50 cycles, followed by a gradual increase to 1.62 V after 550 cycles. The increase in the potential gap during cycling may be due to slow degradation of the protective anode coating and/or the MoS 2 cathode. We did not observe any failure of the battery during testing for up to 700 cycles (Supplementary Information section 12 ). Figure 2b shows the dependence of the number of discharge-charge cycles achieved in air on the number of deposition cycles used to form the anode-protection layer. The results indicate a substantial increase in the number of lithium-air cycles achieved when the anode is protected compared with when it is not; with no coating, the lithium-air cell Letter reSeArCH fails after 11 cycles, whereas up to 700 cycles can be achieved with an anode-protection layer. The thickness of the anode-protection layer helps to understand these results. Although the electronic conductivity of thinner coatings can result in electrolyte decomposition, the low ionic conductivity of thicker coatings can result in larger charge potentials and lead to deleterious side reactions. In this case, ten deposition cycles resulted in the optimum thickness to balance these effects.
Raman spectroscopy and XPS were performed on the surface of the cathode to study the discharge products and the cell chemistry after cycling. In terms of lithium species, the Raman spectra (Fig. 2c) 17, 18 . The C 1s spectra show the reference C-C bond of carbon at 284.8 eV and other carbon peaks at 286.6 and 288.5 eV, which probably arise from the gas diffusion layer. Letter reSeArCH after 100 cycles, and for an aged sample (25 cycles, aged for 100 hours; Supplementary Information section 14) .
Additional evidence that the presence of CO 2 and H 2 O in our lithium-air cell does not cause any detrimental reactions was obtained from the results of a discharge-charge experiment in a pure oxygen environment, using the same cell as for the aforementioned experiments (Supplementary Information section 15). Figure 2g demonstrates similar results for both the lithium-air and lithium-oxygen batteries, indicating that the discharge and charge chemistries are the same in both systems. To examine the stability of the EMIM-BF 4 / DMSO electrolyte in the lithium-air system, we also performed The electrochemical reaction during the charge and discharge processes was quantified by in situ monitoring of the evolved and consumed gases, respectively, during the first cycle using differential electrochemical mass spectrometry (DEMS) 2, 4, 19, 20 ( Supplementary  Information section 17) . The DEMS results shown in Fig. 2h indicate an electron/oxygen ratio of 2.07 for the charge reaction and 2.04 for the discharge reaction. These results provide strong evidence for the reversible formation and decomposition of Li 2 O 2 as the main product, through a two-electron transfer process.
The morphology and composition of the discharge product was studied using several techniques. SEM images of the cathodes after the 1st and 250th cycles (Fig. 3a-d) indicate a film-like morphology of the discharge products on the cathode surface. This was also observed for samples after 100 cycles (Supplementary Information section 18 ). X-ray diffraction experiments performed on the discharge product after 550 cycles revealed distinct peaks at 32° and 34°, which were attributed to crystalline (100) and (101) . Finally, TEM images and diffraction patterns obtained from the cathode (Fig. 3e, f) show the discharge product to be highly crystalline, with the diffraction pattern corresponding to Li 2 O 2 viewed along a c-axis direction. Scanning transmission electron microscopy (STEM) imaging was also used to confirm the morphology of the discharge product, showing that Li 2 O 2 has a thin film-like structure that consists of extended single crystal domains. EELS spectroscopy was performed on a sample of the discharge product taken from the Li 2 O 2 film, and revealed a Li K-edge fine structure consistent with reference Li 2 O 2 samples that are stoichiometric and largely free of oxygen vacancies (Supplementary Information section 20) .
We carried out density functional theory (DFT) calculations to provide insight into why the cell configuration used in this study can operate in the presence of air. We investigated the Li 2 CO 3 anode coating and its ability to prevent reactions of lithium metal with N 2 and O 2 ; the possible reactions of CO 2 and H 2 O with the discharge product at the cathode; and the possible side reactions in the electrolyte with discharge species. DFT calculations concerning the catalytic role of the molybdenum-terminated edge atoms of MoS 2 nanoflakes in the presence of the ionic-liquid electrolyte in a lithium-oxygen battery have been previously reported , the interface appears to be kinetically stable based on the barrier for oxygen migration from a C-O bond to lithium; a barrier of 1.1 eV is found for this reaction pathway (Fig. 4b) . In addition, we investigated whether N 2 and O 2 were likely to migrate through Li 2 CO 3 by placing them in the (010) channel of Li 2 CO 3 ( Fig. 4c) and calculating the energy for the relaxed structure relative to the Li 2 CO 3 and the free molecules (Supplementary Information section 21.3). The energies were found to be high (1.2-3.2 eV), which indicates that Li 2 CO 3 should provide a good barrier to prevent N 2 and O 2 from reaching the lithium anode, assuming no cracks in the structure. Li 2 CO 3 should therefore also prevent oxygen crossover-in which oxygen crosses from the cathode to the anode-which is known to result in oxidation of the lithium anode and to limit cycle life 5 . Because H 2 O and CO 2 molecules are larger than N 2 and O 2 , their interactions with Li 2 CO 3 channels should also be endothermic. On the basis of previous DFT calculations for lithium-ion batteries 22, 23 , the diffusion of lithium through Li 2 CO 3 should be quite facile, unlike that of N 2 and O 2 .
The second aspect of our computational studies used DFT calculations to investigate possible detrimental reactions of CO 2 and H 2 O with the Li 2 O 2 discharge product. We have assumed that the nitrogen will not react with the discharge product, owing to its inertness. The SEM and TEM studies indicated that the Li 2 O 2 product has a film-like morphology with few defects. The film-like Li 2 O 2 discharge product is consistent with its postulated formation mechanism proposed in a previous study of a MoS 2 cathode material for a lithium-oxygen cell. Fig. 4d . The high dielectric constant of the ionic liquid/DMSO electrolyte means that LiO 2 is sufficiently soluble 24 to enable a solution growth mechanism 25 . Finally, the high discharge rate could contribute to the formation of the thin film found in our cell 26, 27 . This is important because a Li 2 O 2 film is expected to have fewer defect sites compared to other morphologies such as Fig. 4e , f. The strongest adsorption energies for CO 2 We also carried out ab initio molecular dynamics simulations for CO 2 and H 2 O molecules interacting with a defective Li 2 O 2 surface containing a single lithium vacancy, in the presence of a mixed ionic liquid/DMSO electrolyte, and found no decomposition such as that which may occur on toroid discharge products ( Supplementary  Information section 21.7) . All of the computational results of the reaction of H 2 O and CO 2 with a Li 2 O 2 surface are consistent with the lack of evidence for side reactions in the characterization studies.
Finally, we considered side reactions involving the probable discharge species, LiO 2 and Li 2 O 2 , with CO 2 or H 2 O in the electrolyte using classical molecular dynamics simulations (Supplementary Information section 22.1). The peaks in the radial distribution function in Fig. 4g show the interaction of water molecules with BF 4 and DMSO from the solvent. Further analysis of hydrogen bonds between these species show that approximately 72% of the water molecules are involved in small clusters of BF 4 , DMSO and H 2 O, all connected through hydrogen bonds (Supplementary Information section 22.2) . A representative cluster is shown in the inset of Fig. 4g . Our DFT calculations ( Supplementary  Information section 22.2) show that the reactions of water with Li 2 O 2 or LiO 2 are thermodynamically unfavourable, and reaction with two water molecules would be required. However, the classical molecular dynamics simulations show that, at 2 mol% of water, clusters of two or more water molecules occur only less than 3% of the time. Therefore, there is very little likelihood of the LiO 2 or Li 2 O 2 solvated species encountering a water cluster. In the case of CO 2 , the reaction with Li 2 O 2 or LiO 2 is thermodynamically favourable but requires reaction with two or more CO 2 molecules; such clusters are highly unlikely (less than 0.2%) based on the classical molecular dynamics simulations.
In summary, the characterization and computational studies have shown that the protected lithium anode, electrolyte blend and highperformance air cathode all work in synergy to provide a lithiumoxygen battery with a long cycle life under simulated air conditions. This new architecture is a promising step towards engineering the next generation of lithium batteries with much higher specific energy density than current lithium-ion batteries.
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Anode preparation. The battery cell was assembled using commercial pure lithium chips (> 99.9%) with a thickness of 0.25 mm as the anode, and MoS 2 nanoflakes coated on a gas diffusion layer as the cathode. The electrolyte of the cell was composed of 25 vol% 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF 4 ) (HPLC grade, > 99.0%) and 75 vol% dimethyl sulfoxide (DMSO) with 0.1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (> 99.0%) as a lithium salt. The cell was run for ten continuous cycles, each cycle consisting of a one-hour charge process followed by a one-hour discharge process, in an environment of pure CO 2 . Cathode preparation. The MoS 2 nanoflakes were synthesized using a liquid exfoliation method 2 , in which 300 mg of MoS 2 powder (99%) was dispersed in 60 ml isopropyl alcohol (> 99.5%). The solution was exfoliated for 20 h and centrifuged for 1 h to extract the supernatant (the top two-thirds of the centrifuged solution). MoS 2 nanoflakes were then coated on a conductive substrate of the gas diffusion layer (0.2 mm thickness, 80% porosity) to reach a catalyst loading of 0.1 mg cm −2 . Prepared cathodes were dried in a vacuum oven for 24 h at 80 °C to stabilize the cathode and to remove impurities. Electrochemical characterization. Electrochemical impedance spectroscopy experiments were performed using coin cells under identical experimental conditions of 700 mV overpotential and a frequency range of 10 Hz to 100 kHz.
For discharge-charge experiments, the lithium-air Swagelok battery set-up consisting of MoS 2 nanoflakes as the cathode, 0.1 M LiTFSI as the lithium salt in EMIM-BF 4 :DMSO (25:75 volume ratio) as the electrolyte, and protected lithium as the anode was operated with a constant applied current density of 500 mA g
Characterization techniques. Raman spectroscopy experiments were performed using a Horiba LabRAM HR Evolution confocal Raman microscope. The samples were sealed between two transparent glasses in an argon-filled glove box. The instrument was configured with a 785-nm laser source, 1,200 g mm −1 grating, a Horiba Andor detector and a LCD objective with a modifiable optical ring that enables aberration correction according to glass thickness.
X-ray photoelectron spectroscopy experiments were performed on a Thermo Scientific ESCALAB 250Xi instrument. The instrument was equipped with an electron flood and scanning ion gun. To prevent oxidation and any contamination, a mobile glove box filled with argon was used for transferring the samples into the loading chamber of the instrument.
The DEMS experiment was carried out in a custom-made Swagelok battery set-up. The experimental set-up consisted of a potentiostat (MTI) and a mass spectrometer (Hiden Analytical) operating under ultra-high vacuum. The DEMS was calibrated by injecting into the mass spectrometer standard samples of pure O 2 (99.99%, Praxair) in research-grade argon (99.99%, Praxair) at known concentrations, and measuring the corresponding partial pressures of O 2 .
STEM measurements were carried out on an aberration-corrected JOEL JEM-ARM200CF instrument equipped with a cold field-emission electron source and a post-column Gatan Enfina EELS spectrometer. An acceleration voltage of 80 kV was used for both imaging and EELS to reduce beam-induced damage and contamination. Theoretical methods. Periodic calculations of the surface interactions and Li 2 CO 3 /Li interfaces were carried out with the Vienna ab initio simulation package (VASP) 30 code with plane wave basis sets and projector-augmented wave pseudopotentials 31 . The exchange-correlation functional was treated within the generalized gradient approximation of Perdew-Burke-Ernzerhof 32 . Ab initio molecular dynamics simulations of the electrolyte were performed within the generalized gradient approximation using plane-wave basis sets as implemented in VASP 30 . Similar to the static calculations, we described the exchange correlation via Perdew-Burke-Ernzerhof functionals 32 and use projector-augmented wave pseudopotentials 31 supplied by VASP for the ab initio molecular dynamics simulations. For details of specific calculations, see Supplementary Information section 21.
Quantum chemical calculations were carried out to investigate the thermodynamic stability of solvated structures of CO 2 and H 2 O using the Gaussian09 code 33 , using the 6-31+ G(d,p) basis set with the B3LYP functional. Classical molecular dynamics simulations were carried out using the software package GROMACS 5 34, 35 with the GROMOS 53A6 force field 36 . To represent atomic interactions of water molecules, we used the SPC 37 as well as the SPC/E 38 water models owing to their considerably different self-diffusion coefficients [38] [39] [40] . All simulations were carried out using isotropic constant pressure control using the Berendsen Barostat 41 , with a coupling constant of 1.0 ps and a compressibility of 2.755 × 10 −5 bar −1 used for all equilibrium and production simulations. Temperature was maintained at 300 K using a Berendsen Thermostat 41 , with a coupling constant of 0.1 ps and a time step of 1 fs. The Verlet cut-off scheme was used. Coulomb interactions were calculated using the particle mesh Ewald method with a Coulomb radius set to 1.4 nm. Van der Waals forces were evaluated using a switching function from 0.8 to 1.4 nm. Data availability. The data that support the findings of this study are available from the corresponding authors upon reasonable request.
